Introduction
Compact diode−pumped solid−state lasers are continuously replacing traditional gas lasers and enable completely new solutions to emerge. Higher efficiency, up to three orders compared to gas lasers, together with narrow spectral lines (~kHz) and low power consumption provide a useful laser source for battery operated applications. Due to safety re− quirements, most of them use eye−safe spectral range lasers of 1.5 μm [1, 2] . In the visible range, the output power has to be limited to few mW. In recent years, much effort has been devoted to development of CW and pulsed blue solid state laser sources. Such a diode pumped microchip laser operat− ing at 473 nm with the output power level of a few to hun− dreds mW is an attractive device for a vast range of applica− tions, and more particularly for Raman spectroscopy, inter− ferometry, vibrometry, colour displays, optical data storage, high resolution printing technology and medical diagnos− tics. However, because of many problems, the solid state blue laser at 473 nm is still in an early stage of development. Efficient quasi three−level lasing on transition ( 4 F 3/2 ® 4 I 9/2 ) at 946 nm in Nd−doped crystals is considerably more diffi− cult to achieve than on the stronger four−level lasing ( 4 F 3/2 ® 4 I 11/2 ) at 1.06 μm. There are two disadvantages of this quasi−three−level lasing: l significant reabsorption loss at room temperature due to lower laser level 857 cm -1 [ Fig. 1(a) ], which is the high− est level of the 4 I 9/2 manifold and has a thermal popula− tion of 0.007% Nd atoms [3] , l small stimulated emission cross section for 946 nm be− ing only 4.5×10 -20 cm -2 , which is about an order of mag− nitude lower [ Fig. 1(b) ] than for 1064 nm [3, 4] . As a consequence, in order to improve the laser perfor− mance it is necessary to use high brightness diode pump la− sers as well as short and efficiently cooled gain elements [5] with an end−pumped configuration via dichroic mirror [6] [7] [8] . The effective design of the laser's heat removing sys− tem increased the efficiency of the SHG process. Using only 0.8 W of pumping power, 20 mW stabile output power of blue light was achieved.
Experimental setup
The schematic diagram of 946−nm intracavity doubled, 473−nm Nd:YAG/BiBO CW diode pumped laser is illus− trated in Fig. 2 .
In accordance with the above scheme, we designed and built the compact configuration of microchip laser based on Nd:YAG with the BiBO crystal. BiBO has the large and ef− fective SHG coefficient d eff = 3.3 pm/V (about 9 times higher than KDP), high damage threshold and wide phase matching temperature−bandwidth. It is also nonhygrosco− pic. Its effective nonlinear coefficient is 4.1 times higher than for the LBO and 1.65 times higher than for the BBO crystal. This enables obtaining effective frequency doubling at the 473−nm blue light (~63%) of the fundamental Nd:YAG 946 nm. Figure 3 shows the drawing compound and the photo of the device.
The laser was pumped by a 0.8−W, 808−nm laser diode via the GRIN lens collimator. Measurements of the centre wavelength of the LD showed that the diode must be cooled to the temperature of 13.8°C. The gain medium was a plane parallel polished Nd:YAG crystal (with a cross−section of 3×3 mm, 2 mm long) with Nd 3+ doping of 1.1at.%. The pumping face of the Nd:YAG crystal had an optical coating with high reflection at 946/473 nm and high transmission at 808/1064/1319 nm (to suppress oscillation of the 4 F 3/2 ® 4 I 11/2 and 4 F 3/2 ® 4 I 13/2 transition). The second face was coated with an antireflection coating at 964 nm and 473 nm. As the second harmonics (NLO) crystal, we used the BiBO type I phase matching e + e ® o (q = 161.7°, j = 90°) crystal with a cross−section of 4×4 mm and 5 mm long, with an an− tireflection coating at 964 nm and 473 nm on both faces. The incident polarization is perpendicular to the X−axis and the generated beam has the polarisation parallel to the X−axis. Figure 4 shows orientation of the BiBO crystal.
All elements (laser diode, Nd:YAG and BiBO crystals) were mounted into separate blocks cooled by thermoelectric cooler TEC -Peltier elements (Fig. 3) to enable indepen− dent temperature change with stability of ±0.1°C. The tem− perature has a very negative influence on Nd:YAG with quasi−three level signature, which is due to the thermal po− pulation of the lower laser level which increases with the temperature rise. The phase matching of the SHG was con− trolled by the temperature of the BiBO crystal and by micro positioning. The resonator was closed by output mirror with a 50−mm radius of curvature. The mirror was coated with a high reflection coating at 946 nm (R > 99.8%) and an antire− flection coating at 473 nm (R < 5%). The overall cavity length was set at 42 mm. 
Experimental results and discussion
Figure 5(a) shows 473−nm output power as a function of the current of the laser diode (I th = 0.3 A, I = 1.2 A ® P = 0.8 W). The output power of 20 mW in the TEM 00 mode was ob− tained for 0.8−W pump power. The threshold pump power and the total optical conversion efficiency were measured to be 300 mW and 2.5%, respectively. Figure 5 (b) shows 473−nm output power of the laser dio− de as a function of temperature. Optimal temperature for the diode was T P = 13.8°C. Changing temperature of the diode by 2°C decreased the output power by more than 20%, which shows the importance of temperature stabilization of the laser. Such a big difference between ambient tempera− ture and pump mount temperature causes instability of the emitted spectrum because even small turbulence of air around the laser construction leads to thermal change of the LD wavelength.
To improve the laser performance [ Fig. 6 (a)] and to mini− mize the effect of temperature induced reabsorption, the temperature of the laser slab mount was kept at T YAG = 9°C. Problems were encountered with water vapour condensa− tion on the optical surface of the Nd:YAG crystal for lower temperatures. Higher temperature decreased the output po− wer by~0.55 mW/°C. Proper laser crystal temperature is important for two reasons. On one hand it increases lasing efficiency, but on the other hand causes higher thermal lens effect. There are larger temperature variations between the surfaces and the centre of the gain crystal. Besides there is the same effect as in laser diode, variations of ambient tem− perature influence the laser's performance. Figure 6(b) shows 473−nm output power as a function of temperature of BiBO crystal. Optimal temperature for BiBO was T BiBO = 45°C. When the crystal was cooled to temperatures below 25°C, the blue laser beam was separated into two beams.
The stability of the laser was also investigated. The aver− age stability of the output power of the blue beam was mea− sured (Fig. 7) . The fluctuation of the blue output power was less than 11% for over 17 min (before the measurement, the laser had been running for 2 hours). 
Further improvements
The main issue in designing diode−pumped solid state lasers is temperature stabilization and heat removal. Some authors have used water−cooled laser crystal to realize 946−nm oper− ation. This system is complicated and inconvenient. An al− ternative method is to use a composite laser rod. Combining doped and un−doped components for improving thermal conductivity has been lately applied to solid−state laser rods in diode−end−pumped geometries. The composite rod struc− ture can improve thermal diffusion and reduce temperature rise in an active segment, thermally induced stress, and also other thermal effects [9, 10] . Reduction in temperature rise in a pumped active segment is more attractive for high− −power quasi−three−level laser operation. For example, 946−nm oscillation with an Nd:YAG crystal. The tempera− ture−dependent reabsorption loss by the lower laser level in− creases with temperature, as it happens for 946−nm oscilla− tions with Nd:YAG crystal. Another problem is the stability of the laser diode. LD mount should be improved to remove the heat in a more effective way. In Fig. 8 , the beam shape is shown. Better laser diode beam collimation is required to re− duce elliptical beam shape. Moreover, reduction of modes in the resonator is possible by using an aperture. Because linear polarisation of 946−nm line is recommended to achieve more efficient SHG process, the Brewster plate mount is going to be modified to decrease power losses. On the other hand more effective pumping is possible by chan− ging coatings which provide multi passing of 808−nm beam through the Nd:YAG crystal.
Conclusions
A compact blue diode−pumped solid state laser has been dem− onstrated by using Nd:YAG as a gain medium and the BiBO crystal as a nonlinear crystal for intra−cavity frequency dou− bling. By using flat−curved cavity we achieved 20 mW of 473 nm light with power stability below 11%. The optical−to−opti− cal conversion efficiency is 2.5%. Laser elements were ther− mally stabilized by three separate temperature thermocontrol− lers for the LD, the laser crystal and the nonlinear crystal. Sim− ple construction of the laser will still improve but it is promi− sing for low power applications. Future work will focus on thermal stabilization of the LD and the crystals (efficient lasing at room temperature), reducing the cavity and laser dimen− sions, searching for a better pumping system, implementing the Lyot filter to force single frequency operation, improving beam quality and stability and analysing the spectral properties of laser radiation.
